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We propose a new scenario where dark matter belongs to a secluded sector coupled to the Standard
Model through energy–momentum tensors. Our model is motivated by constructions where gravity
emerges from a hidden sector, the graviton being identified by the kinetic term of the fields in the
secluded sector. Supposing that the lighter particle of the secluded sector is the dark component of
the Universe, we show that we can produce it in a sufficiently large amount despite the suppressed
couplings of the theory, thanks to large temperatures of the thermal bath in the early stage of the
Universe.
Dedicated to the memory of Renaud Parentani
I. INTRODUCTION
Almost 90 years ago, in 1933, F. Zwicky in a seminal
paper [1] observed an anomaly in the virial velocities of
the galaxies forming the Coma cluster. Two years later,
a young PhD student, H. Babcock [2], unaware of the
Zwicky’s work noticed a strange behavior in the rotation
curve of Andromeda. Both reached the same conclusion:
the need for an additional (dark) component in our Uni-
verse. Several studies, especially concerning the stability
of large scale structures [3] confirmed this hypothesis,
until the proposal of the addition of a new weakly inter-
acting massive neutral particle (WIMP) by Steigman et
al. [4] in 1978.
The main elegance of the proposal was the complete
independence of the relic abundance on the thermal his-
tory of the Universe: as long as we suppose that, any-
time before the decoupling, the WIMP χ was in equilib-
rium with the bath, the relic abundance is only depen-
dent on its mass and the coupling between the dark and
visible sectors. However, the last experiments dedicated
to direct detection measurements exclude proton-WIMP
cross section σχ−p & 10−46cm2 for a 100 GeV dark mat-
ter candidate [5–7], which is six orders of magnitude be-
low the vanilla Fermi cross section for weakly interacting
particle [8, 9]. Any simple Beyond-the-Standard-Model
(BSM) extension which can reproduce the relic abun-
dance observed by Planck [10] and avoid such strong
constraints, without relying on some corner of parameter
space, requires to invoke a new physics scale ' 5 TeV [11]
The next generation of direct detection experiments will
probe cross sections as weak as σχ−p & 10−49cm2 [12]. If
no signal is seen, that would push the BSM scale above 50
TeV, much above the electroweak scale breaking1.
The conflict existing between direct detection obser-
vations and the relic abundance constraints lies mainly
on the fact that we supposed that dark matter was in
thermal equilibrium with the Standard Model (SM) sec-
tor before decoupling from it. Relaxing this hypothesis
opens new windows on dark matter phenomenology, espe-
cially if one considers FIMP (Freeze In Massive Particle)
candidates [14, 15]. In such scenario, the dark sector is
highly secluded from the SM by a feeble coupling or by
a very massive mediators2 which can be a Z ′ [16], mod-
uli fields [17], massive spin-2 particles [18], in the SO(10)
framework [20]. Even mediators belonging to the infla-
ton sector itself [21], or a Kaluza-Klein framework [19, 22]
and spin- 32 particles [23] has been recently analyzed. The
case of supergravity is slightly different. Indeed, whereas
in low-scale supersymmetry (SUSY) its production rate
is suppressed by Planck-mass coupling [24], in high-scale
SUSY, when the spectrum is above the inflaton mass [25],
the temperature dependence renders the dark matter
production very sensible to the early stages of reheat-
ing. In all these cases, it was shown that, due to the high
dependence of the scattering rates on the temperature
(because of mass-suppressed processes), the influence of
the early Universe physics is strong, especially during
1 Notice that recently, XENON1T experiment proved that light
sector of dark matter can be probed through electron recoil [13].
2 We then discuss UV freeze in [28].
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2the reheating phase [26–29]. Moreover, the (strong) in-
fluence of the inflaton equation of state [30] or its decay
modes [31] was added to recent studies.
On another hand, gravity is one of the biggest puzzles
of physics. After years of attempts a quantum theory of
gravity is still lacking, one of the main problem being its
non-renormalizability. The closest approach to quantum
gravity is coming from string theory which provides a well
defined perturbative quantum gravity at semi-classical
level. It introduces a scale, the string scale, which by-
passes the renormalizability issues [32].
At this point, AdS/CFT correspondence and the holo-
graphic ideas can provide a non-perturbative and UV-
complete theory of quantum gravity. Recently, some au-
thors adapted holographic ideas and suggested that the
whole physics is described by four-dimensional quantum
field theories [33–37]. In such a framework, gravity is not
a fundamental interaction but it emerges from a hidden
sector which does not directly couple to the SM but only
via very massive messenger fields. In [33, 34] the au-
thors study the emergence of gravity, where the graviton
is considered as a composite field and is proportional to
the energy-momentum tensor of the hidden theory. Be-
low the messenger scale, this composite/emergent gravi-
ton behavior is described by the General Relativity ac-
tion and the cosmological constant depends on various
parameters of the hidden sector3.
AdS/CFT correspondence has taught us that there is
a higher-dimensional picture of the framework described
above. In that picture, the SM sector is localized on
a four-dimensional brane, which is immersed in a five-
dimensional space-time at an appropriate radial direction
corresponding to a messenger mass cutoff. The hidden
sector lives in the bulk (all five dimensions).
The fact that the whole theory (the SM, the hidden
sector and the messenger sector) forms an UV-complete
theory is very tempting for further study and especially
at phenomenological level. Since gravity is the only in-
teraction, known to this day, for which the dark matter
component of the universe is sensitive to, constructions
where gravity and dark matter both arise from a more
complex sector is one of the most obvious and motivated
possibilities. Indeed, it seems natural that the secluded
sector from which emerges the gravity, contains as one of
its components, if stable, the dark matter. The commu-
nication between the two sectors being highly suppressed
when dealing with scattering processes below the infla-
ton mass, the FIMP paradigm is clearly justified and ex-
tremely natural, the strengths of the interaction being
directly related to the masses in the messengers sectors.
3 This model bypasses the Weinberg-Witten theorem since it pre-
dicts a non vanishing cosmological constant [34].
The paper is organized as follows. After a description of
our setup and the motivation lying beyond our construc-
tion in section II, we compute the production rate and
dark matter abundance in section III, refining our anal-
ysis taking into account subtleties of reheating scenarios
before concluding in section IV.
II. THE MODEL
Motivations
Following [33–36], we will consider two secluded sec-
tors, a visible one where live the SM fields respecting the
SU(3)c×SU(2)L×U(1)Y (or even larger) gauge symme-
tries, and a hidden sector described by a hidden quantum
field theory. The two sectors communicate only through
the exchange of very massive fields. These messengers are
bifundamental fields, charged both under the SM gauge
groups and the hidden gauge group(s). We suppose that
their masses M imess are much above the reheating tem-
perature, we illustrate our setup in Fig. 1.
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FIG. 1: Schematic picture of our setup
The spectrum can be very rich, we will then by sim-
plicity call Λ a common mass scale for all the messenger
sector. At a scale much above Λ, the two sectors commu-
nicate quite efficiently. However, for processes occurring
at an infrared scale below Λ, the two sectors begin to
be secluded. This is exactly what can happen just after
inflation, where the reheating temperature generated by
the inflaton decay, TRH '
√
ΓΦ MP ' 1011 GeV (ΓΦ
being the width of the inflaton Φ and MP the Planck
mass4) is much lower than the inflationary scale at the
4 We will use throughout our work MP = 2.4 × 1018 GeV for the
reduced Planck mass.
3end of inflation, Φend ' O(MP ). We will show that de-
spite such a seclusion, the reheating temperature could
be sufficiently large to produce the right amount of relic
abundance, where the lightest stable particle in the hid-
den sector is a perfect candidate for dark matter. Despite
the fact that its density has been completely diluted af-
ter the inflation, we will show that it can be repopulated
during the reheating period from the thermal bath and
inflaton decay, through a new type of portal.
The Lagrangian
As we will see in the following, emergent type of grav-
ity couples energy–momentum tensors of SM field to the
energy–momentum tensors in the hidden sector, through
the emergent metric generated by the mechanism. To
avoid treating a specific model and to stay as general
as possible, we decide first to study a generic new type
of portal, where the dark and visible sectors interact
through their own energy–momentum tensors. As we will
see, other models like spin-2 portal, or high-scale super-
gravity, possesses similar characteristics when considered
as effective theories. At first, we consider the specific
type of effective coupling given by
Sportal =
∫
d4x
√−g
(
− 1
2Λ4
TµνSMTµν
)
(1)
with TµνSM the energy–momentum tensor of the SM fields,
and Tµν =
∑
i T
i
µν the energy–momentum tensor of hid-
den fields which, depending on the spin i of the concerned
fields5, can be written
T 0µν =
1
2
(∂µX ∂νX + ∂νX ∂µX − gµν∂αX ∂αX) ,
T 1/2µν =
i
4
χ¯ (γµ∂ν + γν∂µ)χ− i
4
(∂µχ¯γν + ∂ν χ¯γµ)χ ,
T 1µν =
1
2
[
Fαµ Fνα + F
α
ν Fµα −
1
2
gµνF
αβFαβ
]
, (2)
the dark matter candidate being the (weakly coupled)
lightest stable particle, which could be a scalar X,
fermion χ or vector Xµ with corresponding field-strength
tensor Fµν 6. The energy–momentum tensor TµνSM will be
the source of production to populate the dark sector pro-
vided the interaction (1).
As a first step, for simplicity, we consider only one SM
scalar degree of freedom φ, the SM Higgs7, whose contri-
5 We assume real scalars and Dirac fermions throughout our work.
6 A diagonal term proportional to the scalar potential should be
present in T 0µν but can be safely neglected for our purposes if the
typical couplings of the hidden sectors are perturbative.
7 To be more precise, in the very early Universe, the electroweak
symmetry is restored, and the Higgs field consists of 4 degrees of
freedom. We take into account all the degrees of freedom for our
analysis as discussed further on.
bution to the matter action can be written as
Sm =
∫
d4x
√−gLm =
∫
d4x
√−g
[
1
2
gαβ∂
αφ∂βφ− V (φ)
]
(3)
Developing the stress-energy tensor for φ in Eq. (1) we
generate an interaction term, in the case of a scalar dark
matter candidate in the hidden sector, as
Lportal = −1
2
(
Tµν
Λ4
∂µφ∂νφ− T
µ
µ
2Λ4
∂ρφ∂
ρφ+ V (φ)
Tµµ
Λ4
)
(4)
which reduces to8
Lportal = − 1
2Λ4
∂µX∂
µφ∂νX∂
νφ (5)
where X is the lightest stable neutral scalar particle in
the hidden sector. Generalization to fermionic and vecto-
rial dark matter is straightforward. Equation (5) helps to
understand the mechanism by which the hidden (dark)
sector X particle can be populated through a coupling
of a form of Eq. (1), which we call energy–momentum
portal. Indeed, this term generates a 4-body interaction
leading to processes such as φ φ→ X X which is largely
suppressed by a factor ∼ 1Λ4 , preventing a population of
X to thermalize with the SM sector in the early universe.
However, even if this scattering rate is suppressed, a suf-
ficiently large reheating temperature of the SM thermal
bath (related to the typical momentum of the particles in
the plasma) can compensate the feeble coupling required
to obtain the relic abundance as observed by Planck at
the present time ΩXh2 ' 0.1.
In an emergent gravity scenario, effective interactions
of the form of Eq. (1) may naturally arise. In this context,
the deviation hµν of the metric gµν around the Minkowski
metric ηµν induced by the secluded sector [33, 34] can be
identified as
gµν ' ηµν + hµν
MP
≡ ηµν + Tµν
Λ4
, (6)
where Tµν is a linear combination of energy–momentum
tensors of hidden sector particles. These fields generate
new couplings to the SM sector through gµν
Sm → Sm + δSm with δSm =
∫
d4x
√−gδLm,
leading to
δSm =
∫
d4x
√−g
(
− 1
2Λ4
TµνSMTµν
)
. (7)
8 Notice that we neglected the scalar potential term in (5) as well
as covariant derivative for simplicity. Such terms would generate
vertices involving more particles and/or perturbative couplings
corresponding to processes suppressed and irrelevant for our phe-
nomenological purposes [43].
4which corresponds effectively to the interaction term of
Eq. (1).
Notice that apart from the coupling between the
energy–momentum tensors of the hidden and the SM
sectors, all gauge-invariant operators of the hidden sec-
tor couple to the SM gauge-invariant operators by irrel-
evant couplings9. These operators of the hidden sector
are heavy except if symmetries protect them They can be
interpreted as light emergent fields, weakly coupled to
the SM. In such a way, the interaction given by Eq. (1)
may arise. Such operators include instanton densities,
conserved global currents that are identified to emergent
axions, and emergent gauge fields weakly coupled to the
SM [35–37].
The rank of the gauge group of the hidden sector can
be large, and its structure is without any other special
postulates imposed on its field content. In [33, 34] the
authors assumed an SU(N) group with N very large, but
we will not consider this multiplicity factor in the follow-
ing for simplicity. One can however easily recover this
factor by multiplying the reaction rate by a factor of N
and N2− 1 for fundamental and adjoint X, respectively.
It is also interesting to note that the metric defined by
(6) corresponds to a pure disformal transformation [40],
whose consequences for a WIMP-type of dark matter has
been studied very recently [41].
Moreover, the kind of interaction written in Eq. (1)
is also expected in the modified gravity scenarios where,
in addition to the typical massless graviton, a massive
spin-2 state is present in the spectrum and couples in
the same way to the energy–momentum tensor of the
SM and a dark sector. Such as massive spin-2 state is
typically present in bimetric theories of gravity [42] or
in extra-dimension constructions featuring Kaluza-Klein
modes [19]. Provided that the massive spin-2 mediator
mass m2 is larger than the maximum temperature of the
universe, the scale Λ can be identified as the geometrical
average of m2 and the Planck mass Λ ∼
√
MPm2. Dark
matter phenomenology has been recently studied in this
context [18, 19].
Finally, we want to stress that this type of portal is
also of the same nature in high-scale SUSY [25]. Indeed,
the minimal coupling of a gravitino10 to the SM, whose
longitudinal mode is the Goldstino denoted by Ψ3/2, is
built by first defining a vierbein [44]
eαµ = δ
α
µ−
i
2F 2
(
∂µΨ¯3/2γ
αΨ3/2 + Ψ¯3/2γ
α∂µΨ¯3/2
)
, (8)
9 There are two exceptions, however, couplings of the SM with the
hidden sector via the Higgs mass term and via the field strength
of the hypercharge. The first term is related to the hierarchy
problem. The second is related to anomalies, and the relevant
coupling is zero since the hypercharge is massless and anomaly
free.
10 The spin- 3
2
superpartner of the graviton.
with
√
F being related to the SUSY breaking scale.
The couplings to matter follows the standard coupling
to matter of a metric tensor built out from the vier-
bein gµν = ηαβeαµeβν . The corresponding effective op-
erators are consequently of dimension eight and take the
form:
L3/2 = i
2F 2
(Ψ¯3/2γ
µ∂νΨ3/2 − ∂νΨ¯3/2γµΨ3/2)T SMµν . (9)
In this supergravity context, the metric plays the same
role than in emergent gravity scenario, as a portal whose
development generates new couplings to the SM, allowing
to produce dark matter (gravitino in this case) in a suf-
ficient amount to fulfill the Planck constraints, as shown
in [25].
III. DARK MATTER PHENOMENOLOGY
Production from scattering
Once we have understood the source of dark matter,
we need to compute the relic abundance produced by the
scattering of the SM particles in the thermal bath. We
will suppose that the hidden sector is secluded from the
visible sector, including the inflaton i.e. we do not con-
sider the possibility for the inflaton to decay directly into
the hidden sector. However, radiative decay can be gen-
erated at the loop level, as was shown in [31]. We will
consider this possibility in a following section. We rep-
resent a typical process of dark matter production from
scattering of scalar particles in the thermal bath in Fig. 2,
where we identified the SM field φ by the Higgs field. For
reheating temperature TRH below the messenger scale Λ,
our approximation in Eq. (6) is justified and the coupling
between the two sectors is highly suppressed by a factor
1
Λ4 , suited for a DM population generated by the freeze-in
mechanism.
H
H
X
X
1/⇤4
p1
p2
p3
p4
FIG. 2: Example of a Feynman diagram for the dark matter
production. We draw the process involving the Higgs
scattering in the thermal bath, whereas all the particles of the
Standard Model should be considered in the complete
calculation.
To compute the dark matter number density nX , one
needs to solve the Boltzmann equation
dnX
dt
+ 3HnX = R(t) (10)
5where R(t) denotes the production rate of dark mat-
ter (per unit volume per unit time). Expressing the
equations as function of the thermal bath tempera-
ture, and supposing an instantaneous reheating, one can
write 11
dYX
dT
= − R(T )
H(T ) T 4
(11)
with YX = nXT 3 , H(T ) =
√
g∗pi2
90
T 2
MP
, g∗ being the effective
relativistic degrees of freedom at the temperature T . The
production rate R(T ) is associated to processes such as
1 + 2 → 3 + 4 where 1, 2 denote particles of the SM
and 3, 4 DM states as represented in Fig. 2 and can be
schematically written as
R(T ) =
1
1024pi6
∫
f1f2E1 dE1E2 dE2 d cos θ12
∫
|M|2 dΩ13.
Details regarding the computation are provided in Ap-
pendix A. After integration, and the sum on all the de-
grees of freedom constituting the thermal bath, we ob-
tained for a dark matter particle of spin i
R(T ) = βi
T 12
Λ8
(12)
with
β0 =
121069pi7
76204800
' 4.8 ,
β1/2 =
281287pi7
38102400
' 22.3 ,
β1 =
25433pi7
1555200
' 49.4.
After integration of Eq. (11) the density at TRH can be
written
ni(TRH) =
3
√
10βiMP
7pi
√
gRH
T 10RH
Λ8
. (13)
where gRH is the number of degrees of freedom at the
reheating time (gRH = 106.75 in the SM). We can then
deduce the relic abundance from scattering today
Ωh2 = 1.7× 108
(
g0
gRH
)
ni(TRH)
T 3RH
( mi
1 GeV
)
(14)
which gives
Ωh2scat ' 1.7× 108
(
g0
gRH
)
3
√
10βiMP
7pi
√
gRH
T 7RH
Λ8
( mi
1 GeV
)
' 0.1
(
TRH
3× 1011 GeV
)7(
1014 GeV
Λ
)8(
βimi
0.1 EeV
)
(15)
11 we neglect the temperature evolution of the relativistic degrees
of freedom for simplicity.
where g0 = 3.91 the present effective number of degrees
of freedom and we took gRH = 106.75 corresponding to
the total SM relativistic degrees of freedom. We notice
that we need very heavy dark matter, of the order of
108 GeV to compensate the very tiny rate of production,
reduced by a factor 1Λ8 .
Production from inflaton decay
 
X
X
1/⇤4
SM
SM
FIG. 3: Production of dark matter via loop-induced inflaton
decay
It was shown in [31] that if dark matter is produced
by scattering one cannot avoid the direct production of
dark matter through the loop-induced inflaton decay, as
depicted in Fig. 3. The minimal way to couple the Stan-
dard Model sector to the inflaton field is through the
Higgs boson:
LΦ = µΦΦ|H|2 (16)
If one consider only the Higgs running in the loop of
Fig. 3, we obtain
ΓΦXX =
| 23 − ipi|2
72pi(16pi2)2
µ2Φm
7
Φ
Λ8
(17)
where we have supposed a scalar dark matter for illus-
tration. On the other hand, the main perturbative decay
width of the inflaton which will generate the thermal bath
in the reheating stage is given by
ΓΦHH =
µ2Φ
8pimΦ
.
Remark that the coupling (16) also induces an addi-
tional term given as L ⊃ (µΦ/2Λ4)Φ|H|2Tµµ , since the
energy-momentum tensor for the Higgs boson acquires
the term −gµνLΦ. As a result, a 4-body decay chan-
nel, Φ → XXHH is allowed. However, it turns out
that this process is subdominant compared to the loop
induced decay. In addition, the same five-point vertex
gives additional contribution for Φ → HH through the
Higgs loop, which is however suppressed by the Higgs
mass mh, as the effective coupling takes the form of
(µΦm
2
h/Λ
4)Φ(∂µX∂µX).
Results for fermionic and vectorial dark matter are
given in Appendix B. Notice that the coupling of the in-
6flaton field to the SM, µΦ, does not appear in the branch-
ing ratio12. Supposing an instantaneous reheating, we
can write
ndec(TRH) = BR
ρΦ(TRH)
mΦ
= BR
ρR(TRH)
mΦ
= BR
(
gRHpi
2
30
)
T 4RH
mΦ
where we have defined the reheating temperature by the
condition ρΦ(TRH) = ρR(TRH), in other words, when ra-
diation and inflaton densities equilibrate. Notice that
different definitions of the reheating temperature can
lead to slightly different results, but differing never more
than factors of the order of unity. After combining with
Eq. (14), we obtain
Ωh2dec = 0.17
BR
10−9
(
g0pi
2
30
)(
TRH
mΦ
)( mX
1 GeV
)
(19)
= 0.17
4
9 + pi
2
9× 10−9(16pi2)2
(
TRHm
7
Φ
Λ8
)( mX
1 GeV
)
' 0.17
(
TRH
1010
)(
mΦ
3× 1013
)7(
1014
Λ
)8 ( mX
1 TeV
)
.
where the units are in GeV when not specified. When we
compare Eq. (19) with Eq. (15), we see that the depen-
dence on the reheating temperature for the production of
dark matter through the inflaton decay is much weaker
than for the production process through scattering. As
a consequence, for light dark matter, where one needs a
large amount of dark matter to fulfill Planck constraints,
the scattering process will be the one able to populate
the Universe. On the other hand, for heavier dark mat-
ter, the bound will be quickly saturated by the decay
process.
As an exercise, we can compute the mass of dark mat-
ter for which both sources, scattering and decay, equal-
ize:
Ωh2scat = Ωh
2
dec ⇒ T eqRH ' 2.6× 1012 GeV. (20)
for a scalar dark matter13. Remarkably, the reheating
temperature for which the transition between a regime
dominated by scattering production to a regime domi-
nated by decay production does not depend on the dark
matter mass. For TRH > T
eq
RH , the scattering process
populate the dark sector, whereas for TRH < T
eq
RH , the
12 That would be the case, whatever is the effective coupling one
would consider between the inflaton and the Standard Model
particles, e.g.,
BR =
NXΓ
Φ
XX
ΓΦHH
' |
2
3
− ipi|2
9(16pi2)2
m8Φ
Λ8
, (18)
where NX is the number of X particles produced per decay,
which is NX = 2 in the present case.
13 The result differs just by a factor βi for vectorial dark matter.
inflaton decay is the main source for the relic abun-
dance.
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FIG. 4: Parameter space allowed in the (mi, TRH)
parameter space, for different values of Λ for a scalar dark
matter.
We show in Fig. 4 the parameter space respecting the
correct relic abundance in the case of a scalar dark mat-
ter. We recognize clearly the two regimes (scattering on
the left and decay on the right) from their different de-
pendence on the reheating temperature, especially the
change of regime for TRH = T
eq
RH ' 2× 1012 GeV.
Non-instantaneous reheating effects
Several recent works showed that the naive instan-
taneous approximation is not valid anymore if one has
to deal with highly temperature-dependent production
processes. Effects of non-instantaneous reheating were
studied in [27] whereas non-instantaneous thermalization
in [29] and effects of the inflaton potential in [30]. The
effects begin to be important when, if we write the pro-
duction rate R(T ) ∝ Tn+6Λn+2 , values of n ≥ 6, which is pre-
cisely our case. We discuss in this section the dark matter
production by incorporating non-instantaneous reheating
effects. In the following we assume by simplicity that the
thermalization completes instantaneously, and the pre-
heating stage is negligible. We also assume that after the
end of inflation, the inflaton oscillation is described by a
quadratic potential, given by V (Φ) = 12m
2
ΦΦ
2.
The reheating is generated by the perturbative infla-
ton decay which can be parametrized by
ΓΦ =
y2
8pi
mΦ. (21)
7It is a commonly used generic form for the width of the
inflaton, and y ≡ µΦ/mΦ when the decay is dominated
by the Higgses channel (16). The non-instantaneous
reheating is characterized by a maximum temperature,
Tmax > TRH , where the production rate of the dark mat-
ter is more important. The maximal temperature Tmax
and TRH can be computed solving the set of Friedmann
equations
dρΦ
dt
+ 3HρΦ = −ΓΦρΦ, (22)
dρR
dt
+ 4HρR = +Γ
ΦρΦ, (23)
H2 =
ρΦ + ρR
3M2P
(24)
The solution can be found in [30] for a generic type of
inflaton potential. They obtained
Tmax =
(
45
32
31/10
24/5
y2mΦMP ρ
1/2
end
g∗(Tmax)pi3
)1/4
(25)
' 8.8× 1014 GeV × y1/2
(
106.75
g∗(Tmax)
)1/4
×
(
mΦ
3× 1013 GeV
)1/4(
ρend
0.175m2ΦM
2
P
)1/8
,
TRH =
(
9
40
y4m2ΦM
2
P
gRHpi4
)1/4
(26)
' 5.8× 1014 GeV
×y
(
106.75
gRH
)1/4(
mΦ
3× 1013 GeV
)1/2
where TRH is defined as the temperature where the
energy densities of the inflaton (ρΦ) and the radia-
tion (ρR) become equal. In the following we will take
g∗(Tmax) = gRH . ρend is the inflaton energy density
at the end of inflation, which can be computed by re-
quiring that the equation-of-state parameter w reaches
the value w = −1/3 at which the scale factor a satisfies
d2a/dt2 = 0. For instance, ρend ' 0.175m2ΦM2P for the
Starobinsky-type of inflaton potential ([45], see the Ap-
pendix C for details), which will be used as a concrete ex-
ample in the following analysis. If one takes into account
the Tmax effect induced by the non-instantaneous reheat-
ing, the relic abundance is increased by a boost factor
Bscatt ≡ nnon−insti (TRH)/ni(TRH) which was calculated
in [27] :
Bscatt = c
56
3
log
Tmax
TRH
, (27)
where a numerical factor c ' 0.45 arises to match the
numerical results where the reheating temperature shifts
slightly toward higher values than the pure analytical
one. To compute the relic abundance, one has to add to
the system of equations (22-24), the Boltzmann equation
for the dark matter
dnX
dt
+ 3HnX = R(t) +BRΓ
ΦρΦ/mΦ, (28)
with the initial conditions ρΦ(t = 0) = ρend, ρR(t = 0) =
nX(t = 0) = 0. As we consider the Starobinsky model for
inflation, the coupling y is restricted by the inflationary
predictions, especially the spectral index ns. A detailed
discussion can be found in Appendix C, and in our case,
y should satisfy y & 3.7× 10−6.
We show in Fig. 5 the result of our numerical integration
of the full system of 4 equations, in the (mi, y), for differ-
ent values of Λ. The line correspond to points respecting
the Planck result, for bosonic, fermionic and vectorial
dark matter. As we expected, the parameter space al-
lowed lighter dark matter, or in another words, larger
values of Λ for a given dark matter mass. This comes
from the fact that the boost factor enhanced the produc-
tion mechanism. One then necessitates lighter dark mat-
ter or larger BSM scale to avoid overabundance.
We also remark that the nature of the dark matter do
not play an important role in the scattering production
regime, as their production rate is similar up to numer-
ical factors of order of unity. On the other hand, in the
decay production regime, the viable parameter space for
fermionic dark matter may be distinguishable from the
other two, since the inflaton decay into a pair of fermionic
dark matter is suppressed by the dark matter mass. This
can be seen comparing Eqs.(50) and (52), the mass de-
pendence coming from the presence of a γµ matrix in
the coupling (see also Appendix B). Notice also that for
small values of y and/or large mi, there is a region where
the DM mass becomes larger than TRH . In this case an
additional entropy production dilutes the DM number
density, which we have incorporated in the figure.
We also want to underline that in the case of non-
instantaneous reheating, the contribution coming from
the inflaton decay is just mildly different from the in-
stantaneous case, and can be written [31]
Ωh2dec =
BR
2.9× 10−9
(
TRH
mΦ
)( mX
1 GeV
)
(29)
=
4
9 + pi
2
2.6× 10−8(16pi2)2
(
TRHm
7
Φ
Λ8
)( mX
1 GeV
)
' 0.1
(
TRH
1010
)(
mΦ
3× 1013
)7(
1014
Λ
)8 ( mX
144 GeV
)
.
Before closing the section, we briefly comment on the
assumption of the instantaneous thermalization which we
have made in our analysis. In general the thermalization
is also not an instantaneous process. The time scale for
the thermalization to complete, however, depends on the
non-thermal population of the SM particles produced by
the inflaton decay. In our particular case based on the
Starobinsky model, the effect of the non-instantaneous
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FIG. 5: Relic abundance constraint for spin 0, 1
2
and 1 dark matter in the case of non-instantaneous reheating for different
values of the messenger scale Λ. See the text for details.
thermalization becomes non-negligible for y . 10−5 [50].
In such regions we may expect another enhancement in
the DM production [29], though a further discussion on
this effect is beyond the scope of this paper.
IV. CONCLUSIONS
We have shown that models where gravity emerge
from a secluded hidden sector, can contain a viable dark
matter candidate. Its production can occurs by the scat-
tering of the SM particles in the thermal bath, or by the
inflaton decay. We have computed the relic abundance of
dark matter as a function of the reheating temperature
for different values of the BSM scale Λ, representing the
mass of the heavy messengers secluding the two sectors.
We have shown that for reasonable values of TRH ' 1010
GeV and dark matter masses mX . mΦ ' 3× 1013 GeV,
a large part of the parameter space satisfies Planck con-
straints. We studied the case of scalar, fermionic and
vectorial dark matter, with similar conclusions. More-
over, our framework is much more general than emer-
gent gravity–like constructions. Indeed, the fundamental
ingredient for the dark matter production lies in terms
of the type 1Λ4T
µν
X T
SM
µν , that we recover, for instance,
in minimal supergravity scenarios. We suggest that this
novel type of portal, that we called Energy-Momentum
portal, should be present in a large class of UV models
where the secluded sector can mix with kinetic terms of
the Standard Model.
Acknowledgments: The authors want to thank es-
pecially P. Brax, E. Dudas, E. Kiritsis and P. Bet-
zios for very insightful discussions. This work was sup-
ported in part by the France-US PICS MicroDark and
the ANR grant Black-dS-String ANR-16-CE31-0004-01.
The research activities of L.H. are supported in part
by the Department of Energy under Grant DE-FG02-
13ER41976(de-sc0009913). MP would also like to thank
the Paris-Saclay Particle Symposium 2019 with the sup-
port of the P2I and SPU research departments and the
P2IO Laboratory of Excellence (program "Investisse-
ments d’avenir" ANR-11-IDEX-0003-01 Paris-Saclay and
ANR-10-LABX-0038), as well as the IPhT. The work
of MP was supported by the Spanish Agencia Estatal
de Investigación through the grants FPA2015-65929-P
(MINECO/FEDER, UE), PGC2018-095161-B-I00, IFT
Centro de Excelencia Severo Ochoa SEV-2016-0597, and
Red Consolider MultiDark FPA2017-90566-REDC. This
project has received funding/support from the Euro-
pean Unions Horizon 2020 research and innovation pro-
gramme under the Marie Skodowska-Curie grant agree-
ments Elusives ITN No. 674896 and InvisiblesPlus RISE
No. 690575. The work of KK was supported in part by
the DOE grant de-sc0011842 at the University of Min-
nesota. P.A. was supported by FWF Austrian Science
Fund via the SAP P30531-N27.
APPENDIX
A. PRODUCTION RATE: SCATTERING
The Boltzmann equation for the DM number density
can be written as
dnDM
dt
+ 3HnDM = R(T ) (30)
where the quantity on the right-hand-side R(T ) repre-
sents the temperature-dependent DM production rate
per unit of volume and time which can be expressed
as
9R(T ) ≡
∑
1,2∈SM
2
(
1
1 + δ12
) ∫
dΠ1 dΠ2 dΠ3 dΠ4f1(p1)f2(p2)(2pi)
4δ(4)(p1 + p2 − p3 − p4)|M|2 (31)
where
dΠi ≡ d
3pi
(2pi)3
1
2Ei
(32)
with pi(Ei) being the 4-momentum (energy) of parti-
cle i. It is the sum over all processes 1 + 2 → 3 + 4
with 1, 2 being particles of the SM and 3, 4 dark mat-
ter states. The factor of 2 account for the production
of 2 DM particle per process and the factor (1 + δ12)−1
prevents over-counting the phase space volume for iden-
tical initial states. |M|2 is the matrix element squared
summed over polarization states and divided by symme-
try factor for identical particles in the final state. f1,2
are the phase space distribution functions of the initial
state. As the amplitude squared depends only on the spin
of initial and final state, for a dark matter candidate of
a given spin, the production rate can be expressed as a
sum over all possible initial states present in the SM with
a spin j = 0, 1/2, 1 :
R(T ) =
∑
j=0,1/2,1
NjRj = Nj
1
1024pi6
∫
fj(E1)fj(E2)E1 dE1E2 dE2 d cos θ12
∫
|Mj |2 dΩ13 = 4R0 + 45R1/2 + 12R1
(33)
in the limit where all species are relativistic. Nj de-
notes the number of each SM species of spin j : N0 = 4
real scalar degrees of freedom (1 complex Higgs doublet),
N1 = 12 gauge bosons (8 gluons, 4 electroweak bosons)
and N1/2 = 45 Dirac fermions (6 quarks with 3 colors +
anti-particles, 3 charged leptons + antiparticles, 3 neu-
trinos). Rj denotes the contribution to the rate of one
pair of particle 1, 2 with spin j. fj is the Fermi-Dirac
(j = 1/2) or Bose-Einstein (j = 0, 1) distribution. The
infinitesimal solid angle is defined as
dΩ13 = 2pi d cos θ13 (34)
with θ13 and θ12 being the angle formed by momenta of
1,3 and 1,2 respectively. In the massless limit, the ampli-
tude squared can be expressed in terms of Mandelstam
variable s and t, related to the angle θ13 and θ12 by the
relations
t =
s
2
(cos θ13 − 1) (35)
s = 2E1E2(1− cos θ12) (36)
The amplitudes and rates for scalar, fermionic and
vector dark matter are detailed in the following subsec-
tions.
Scalar dark matter
|M0|2 = (s
2 + 2st+ 2t2)2
32Λ8
(37)
|M1/2|2 = − t(s+ t)(s+ 2t)
2
16Λ8
(38)
|M1|2 = t
2(s+ t)2
4Λ8
(39)
The total rate is given by
R(T ) =
121069pi7
76204800
T 12
Λ8
≡ β0T
12
Λ8
(40)
with β0 ' 4.8.
Fermionic dark matter
|M0|2 = − t(s+ t)(s+ 2t)
2
8Λ8
(41)
|M1/2|2 = s
4 + 10s3t+ 42s2t2 + 64st3 + 32t4
32Λ8
(42)
|M1|2 = −
t(s+ t)
(
s2 + 2st+ 2t2
)
2Λ8
(43)
The total rate is given by
R(T ) =
281287pi7
38102400
T 12
Λ8
≡ β1/2T
12
Λ8
(44)
with β1/2 ' 22.3.
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Vector dark matter
|M0|2 = s
4 + 4s3t+ 16s2t2 + 24st3 + 12t4
32Λ8
(45)
|M1/2|2 = −
t(s+ t)
(
5s2 + 12st+ 12t2
)
16Λ8
(46)
|M1|2 =
(
s2 + st+ t2
) (
s2 + 3st+ 3t2
)
4Λ8
(47)
The total rate is given by
R(T ) =
25433pi7
1555200
T 12
Λ8
≡ β1T
12
Λ8
(48)
with β1 ' 49.4.
B. PRODUCTION RATE: DECAY
This appendix contains a complete list of the produc-
tion rate of radiative inflaton decays. As a counterpart to
R(t) in the scattering case, we may use BRΓΦρΦ/mΦ for
the decay contribution in the Boltzmann equation.
In general, when a loop-induced inflaton coupling to
dark matter is renormalizable, its effective coupling de-
pends on the renormalization scale which we set the infla-
ton mass throughout our analysis. On the other hand, a
loop induced coupling of inflaton to vectorial dark mat-
ter is essentially a dimension five operator, ΦFµνFµν ,
and thus, its effective coupling is finite, which means no
renormalization scale dependence.
Scalar dark matter
The dominant decay channel of inflaton is into a pair
of the Standard Model Higgs bosons, whose decay width
is given as
ΓΦHH = 4Γ
Φ
hihi =
1
8pi
µ2φ
mφ
(49)
where hi represent the 4 real scalar degrees of freedom
of the Higgs doublet. The loop-induced inflaton decay to
a pair of DM particles, corresponding to the diagram of
Fig. 3 where hi is running in the loop, is given by
ΓΦXX =
1
72pi(16pi2)2
(
4
9
+ pi2
)
µ2Φm
7
Φ
Λ8
, (50)
yielding the branching ratio
BR =
1
9(16pi2)2
(
4
9
+ pi2
)
m8Φ
Λ8
. (51)
Fermionic dark matter
The inflaton decay into a pair of fermionic dark matter
is suppressed by the dark matter mass mX due to the
angular momentum conservation. Indeed, because of the
structure of the energy-momentum tensor, a loop induced
effective coupling of inflaton to fermionic dark matter
necessarily involves kinetic term for X, resulting in an
mX direct dependence from the equation of motion. The
decay width is then given by
ΓΦχ¯χ =
1
2pi(16pi2)2
(
25
81
+
pi2
9
)
m2Xµ
2
Φm
5
Φ
Λ8
. (52)
Thus, the branching ratio can be obtained as
BR =
8
(16pi2)2
(
25
81
+
pi2
9
)
m2Xm
6
Φ
Λ8
. (53)
Vector dark matter
For mX  mΦ, we may use the equivalence theorem,
and thus the total squared amplitude is obtained by sum-
ming up the squared amplitudes for the massless vector
boson and the real scalar boson final states. The decay
width is given by
ΓΦXX =
1
648pi(16pi2)2
(
22 + 9pi2
) µ2Φm7Φ
Λ8
, (54)
and thus the branching ratio becomes
BR =
1
81(16pi2)2
(
22 + 9pi2
) (mΦ
Λ
)8
. (55)
C. INFLATION SECTOR
In section III, we have shown the non-instantaneous
reheating effects on the DM production by taking the
Starobinsky-type of inflaton potential [46] as a concrete
example. The inflaton potential is given as
V =
3
4
m2ΦM
2
P
(
1− e−
√
2
3Φ/MP
)2
, (56)
where the inflaton mass mΦ is determined to match the
measured curvature power spectrum ln(1010AS∗) = 3.044
at the pivot scale k∗ = 0.05 Mpc−1 [10, 47]. By defining
N∗ as a number of e-folds at which the scale of k∗ exits
the horizon, we may write
m2Φ '
24pi2AS∗
N2∗
. (57)
11
By numerically solving the relation
N∗ = ln
[
1√
3
(
43
11
)1/3(
pi2
30
)1/4
T0
H0
]
− ln k∗
H0
− 1− wint
12(1 + wint)
ln
ρend
ρRH
+
1
4
ln
V 2∗
M4P ρend
− 1
12
ln gRH , (58)
we obtain N∗, where we assume V∗ ' (3/4)m2ΦM2P [48,
49]. The equation-of-state parameter wint is defined as
an e-fold averaged value during the reheating, which we
take wint = 0 for simplicity. The present day Hubble
parameter (H0) and temperature (T0) we use are H0 =
67.36 km/s/Mpc and T0 =2.7255 K. Then, we find that
the solution for N∗ can be fitted by N∗ ' 55 + 0.33 ln y.
From ns ' 1 − 2/N∗ and ns = 0.9649 ± 0.0042 at 68 %
CL [47], we find y & 3.7× 10−6.
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